
I 

tTHkU) 1 
( 1  

1 

NASA CR- 5431 4 
N65 18535 
d& / 

UCCESSION NUMBER) 

I 

IPAOES) 

(NASA C R  O R  T U X  OR AD NUMBER) 
1 

~ 
~ 

GPO PRICE $ 

OTS PRICE(S) $ 

Hard copy (HC) D?~ 
Microfiche (M F) 

\ 

PREPAYrlATlON and EVALUATIQN 
\ of 

. HB€R EL BAT1’ERY PLAQ 

SECOND Qt8AR-W PROGRESS REPORT 

November 1, 1964 to January 31,1965 

3. 1. Bidlec and J. 1. Fisher 
bY 

I \  

pm&md for , 

NATIONAL AERONAUTICS and SPACE ADMINISTRATION 
~ 

,* 

CONTRACT NAS 3-6006 

I ,  

HUYCK @ METALS 
A DEPARTMENT OF HUYCK CORPORATION 



h 

t ‘  

NOTICE 

This report was preparod as an account of Go- 
work )rl.ither the Wt& hates, nor the NaHpna 
Space Administratian (NASA), nor any person 

A.1 Makes any warranty or representation, 
plied, with respect to rho accuracy, completeness, or 
usefulness of the information contained in this report, 
or that the use of any information, appatatus, method, 
or process disclosed in this report may not infringe 
privately owned rights; or 

B.) Ammes any liabilities with respect to the use ofi or for 
damages resulting from the use of any information, 
apparatus, method or process disclosed in this report. 

As used above, “person acting on behalf of NASA“ includes any 
employee or contractor of NASA, OT employoe of such contractor, 
to the extent thut such employee or contractor of NASA, or em- 
ployee of such contractor prepares, disseminates, or provides uecoss 
to, any information pursuant to his employmefrt or contract Gth 
NASA, or his employment with such contruetor, / 

of NASA: 

1 

i 

REQUESTS FOR COPIES OF THIS REPORT WOULD BE REFERRED TO: 
NATIONAL AERONAUTICS AND dPACE ADMINISTRATION 
OFFICE OF SCIENTIFIC AND TKHNJCAL INFORMATION 

WASHINGTON, D. C. 20546 
AmMlONr  AFSS-A i 

, 



NASA C R - 5 4 3 1 4  

Huyck 805 (F3-25)  

SECOND QUARTERLY PROGRESS REPORT 

PREPARATION and EVALUATION 
of 

F I B E R  EdETAL NICKEL BATTERY PLAQUES 

by 

J. L. B i d l e r  and J. I .  F i s h e r  

Prepared for 

NATIONAL AERONAUTICS and SPACE ADMINISTRATION 

N o v e m b e r  1, 1964, t o  J a n u a r y  31, 1965 

CONTRACT N A S 3 - 6 0 0 6  

Technical Management 
NASA L e w i s  Research C e n t e r  

C l e v e l a n d ?  O h i o  
Space Power S y s t e m s  D i v i s i o n  

W i l l i a m  A .  R o b e r t s o n  MS 500-201 

HUYCK METALS COMPANY 
of H W C K  CORPORATION 

P . O .  Box 30 
M i l f o r d ,  C o n n e c t i c u t  



Table  of  Con ten t s  

Page - 

I .  SU~RY......... .................................... 1 

11. INTRODUCTION..... 2 ................................... 
O b j e c t i v e s  3 
Program O u t l i n e . . . . . . . . . . . . . .  .................. 

Task A - R a w  Material C l a s s i f i c a t i o n . . . . . . . .  3 
Task B - S i n t e r i n g  Study .................... 
Task C - Plaque C l a s s i f i c a t i o n . .  ............ 
Task D - Plaque Samples ..................... 

..................................... 
3 

3 
4 
4 

111. EXPERIMENTAL PROCEDURES and APPARATUS. .............. 4 

Task A - Raw Material C l a s s i f i c a t i o n . . . .  4 
Task B - S i n t e r i n g  Study ....................... 4 

1. I n t e r n a l  Surface Area Measurements . . . . .  .. 4 

2. T e n s i l e  S t r e n g t h  Measurements. ........... 

....... 

Apparatus  
Procedure  

Appara tus  
Procedure  

Appara tus  
Procedure  

7 

3. Electr ical  R e s i s t i v i t y  Measurements. . .  ... 8 

I V .  EXPERIMENTAL RESULTS and DISCUSSION.. . . . . . . . . . . . . . . .  9 

Task A - Raw Material C l a s s i f i c a t i o n . . . . . . . . . . .  9 
Task B - S i n t e r i n g  Study .......................l 0 

1. I n t e r n a l  S u r f a c e  Area Measurements. ...... 10 
2. T e n s i l e  S t r e n g t h  Measurements ............ 16 
3. Electr ical  R e s i s t i v i t y  Measurements ...... 23 

Task C - Plaque  C l a s s i f i c a t i o n  .................2 5 
Task D - Plaque  Samples ........................2 5 

V.  FUTURE WORK .........................................2 7 

V I .  BIBLIOGRAPHY ........................................ 28 

V I I .  GLOSSARY. ...........................................2 9 

V I I I .  DISTRIBUTION LIST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 



LIST of FIGURES 

F i g .  1 Flow Rate v e r s u s  D e n s i t y  for A X 1  
N icke l  F i b e r  a t  a P r e s s u r e  Drop of 
0 . 1  i n c h  H20 

F i g .  2 Flow Rate v e r s u s  D e n s i t y  for AX2 
N i c k e l  F i b e r  a t  a P r e s s u r e  Drop of 
0 . 1  i n c h  H20 

F i g .  3 I n t e r n a l  S u r f a c e  Area v e r s u s  S i n t e r i n g  
Tempera tures  for A X 1  and AX2 N i c k e l  
F i b e r  P l a q u e s  

F i g .  4 Photomicrograph of A X 1  N i c k e l  F i b e r  
S i n t e r e d  a t  1600°F for 20 minu tes  

F i g .  5 Photomicrograph of A X 1  N i c k e l  F i b e r  
S i n t e r e d  a t  1800°F for 20 minu tes  

F i g .  6 Photomicrograph of A X 1  N i c k e l  F i b e r  
S i n t e r e d  a t  2000°F for 20 minu tes  

F i g .  7 Photomicrograph of A X 1  N i c k e l  F i b e r  
S i n t e r e d  a t  2150°F for 20 minu tes  

F i g .  8 Photomicrograph of AX2 N i c k e l  F i b e r  
S i n t e r e d  a t  1600°F for 20 m i n u t e s  

F i g .  9 Photomicrograph of AX2 N i c k e l  F i b e r  
S i n t e r e d  a t  1800°F for 20 minu tes  

Page 

12 

13 

15 

17 

17 

18 

18 

19  

19  



F i g .  10  Photomicrograph of AX2 N i c k e l  F i b e r  
S i n t e r e d  a t  2000°F f o r  20 m i n u t e s  

F i g .  11 Photomicrograph of AX2 N i c k e l  F i b e r  
S i n t e r e d  a t  2150°F f o r  20 minu tes  

F i g .  12 T e n s i l e  S t r e n g t h  v e r s u s  S i n t e r i n g  
Temperature  f o r  A X 1  and AX2 N i c k e l  
F i b e r  Metal P laques  

F i g .  13 Electr ical  R e s i s t i v i t y  v e r s u s  
S i n t e r i n g  Temperature  for A X 1  and 
AX2 Nicke l  F i b e r  Metal P laques  

Page 

20 

20 

22 

26 



LIST of TABLES 

Page 

TABLE I .  

TABLE 11. 

Summary of P a r t i c l e  S i z e  
and  P a r t i c l e  S i z e  D i s t r i b u t i o n  9 
Data .  

P e r m e a b i l i t y  C o e f f i c i e n t s ,  
Sur face  Area and O r i e n t a t i o n  
Fac to r  for Plaques  Made from 
Wire. 

10 

TABLE 111. Flow Rate a t  2 p of  0 . 1  and 1 . 0  
inches  of H20 f o r  A X 1  and AX2 11 
Nickel  F i b e r  P l a q u e s .  

TABLE I V .  

TABLE V. 

TABLE V I .  

P e r m e a b i l i t y  C o e f f i c i e n t s  and 
S p e c i f i c  S u r f a c e  Area of  A X 1  14 
and AX2 N i c k e l  F i b e r  Metal 
P laques  S i n t e r e d  a t  Var ious  
Temperatures .  

T e n s i l e  S t r e n g t h  of 10% Dense 

S i n t e r e d  a t  Var ious  Temperature .  
A X 1  and AX2 N i c k e l  F i b e r  P laques  2 1  

Electrical  R e s i s t i v i t y  of 15% 
Dense A X 1  and AX2 N i c k e l  F i b e r  24 
P laques  S i n t e r e d  a t  Var ious  
Temperatures .  



I .  SUMMARY 

I n t e r n a l  s u r f a c e  area, t e n s i l e  s t r e n g t h ,  a n d  e l e c t r i c a l  
r e s i s t i v i t y  measurements have been made f o r  A X 1  a n d  AX2 

be  used t o  produce n i c k e l  f i b e r  metal b a t t e r y  p l a q u e s  w i t h  
maximum t e n s i l e  s t r e n g t h  and i n t e r n a l  s u r f a c e  area and min- 

n i c k e l  f i b e r  metal ba t t e ry  p l a q u e s  s i n t e r e d  a t  1600°F, 
1800°F, 2000°F and 2150°F f o r  20 minu tes  i n  hydrogen. 
The r e s u l t s  o b t a i n e d  d e f i n e  t h e  s i n t e r i n g  pa rame te r s  t o  

imum e lec t r ica l  r e s i s t i v i t y .  

The i n t e r n a l  s u r f a c e  area d e c r e a s e s  w i t h  i n c r e a s i n g  s i n t e r -  
i n g  t e m p e r a t u r e  from a maximum of 440 cm2/gm f o r  A X 1  n i c k e l  
f i b e r  s i n t e r e d  a t  1600OF t o  a minimum of 330 cm2/gm f o r  
AX2 n i c k e l  f i b e r  s i n t e r e d  a t  2150OF. 

i w 
The t e n s i l e  s t r e n g t h  of 10% dense  A X 1  n i c k e l  f i b e r  p l a q u e s  
is g r e a t e r  t h a n  t h a t  of 10% dense  AX2 n i c k e l  f i b e r  p l a q u e s  
a t  a l l  s i n t e r i n g  t empera tu res  s t u d i e d  e x c e p t  1600°F where 
t h e  t e n s i l e  s t r e n g t h s  were s i m i l a r .  

The t e n s i l e  s t r e n g t h s  and t h e  d i f f e r e n c e  i n  t e n s i l e  s t r e n g t h s  
i n c r e a s e  as  t h e  s i n t e r i n g  t empera tu re  i n c r e a s e s .  The max- 
imum t e n s i l e  s t r e n g t h s  measured were 295 p s i  f o r  A X 1  n i c k e l  
f i b e r  p l a q u e s  a n d  209 p s i  f o r  AX2 n i c k e l  f i b e r  p l a q u e s  b o t h  
s i n t e r e d  a t  2150OF. 

The e l e c t r i c a l  r e s i s t i v i t y  of 15% dense  AX2 n i c k e l  f i b e r  
p l a q u e s  d e c r e a s e  as  t h e  s i n t e r i n g  t e m p e r a t u r e  increases 
from 814 microhm-cm a t  1600°F t o  315 microhm-cm a t  2150OF. 
The e l ec t r i ca l  r e s i s t i v i t y  of  15% dense  A X 1  n i c k e l  f i b e r  
p l a q u e s  d e c r e a s e s  from 1090 microhm-cm a t  1600°F t o  416 
microhm-cm a t  1800°F then  i n c r e a s e s  t o  653 microhm-cm a t  
20000F b e f o r e  decreasing a g a i n  t o  324 microhm-cm a t  2150OF. 
T h i s  unexpec ted  i n c r e a s e  i n  e l ec t r i ca l  r e s i s t i v i t y  cannot  
be e x p l a i n e d  a t  p r e s e n t .  The exper iment  is b e i n g  r e p e a t e d  
i n  a n  a t t e m p t  t o  v e r i f y  t h e  r e s u l t s .  

The data accumulated t o  date i n d i c a t e  t h a t  optimum p laque  
charac te r i s t ics  w i l l  be o b t a i n e d  by s i n t e r i n g  between 1800°F 
and 2O0O0F f o r  20 minutes .  F u t u r e  work w i l l  i n c l u d e  s i n t e r -  
i n g  A X 1  n i c k e l  f i b e r  p l aques  a t  1850°F, 1900°F and 1950°F t o  
de t e rmine  t h e  maximum tempera tu re  t o  maximize t h e  i n t e r n a l  
s u r f a c e  area and minimize t h e  e l ec t r i ca l  r e s i s t i v i t y .  
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I I .  INTRODUCTION 

T h i s  program, f o r  t h e  p r e p a r a t i o n  and e v a l u a t i o n  of 
n i c k e l  f i b e r  metal  b a t t e r y  p l a q u e s ,  is i n t e n d e d  t o  
p r o v i d e  a material showing s u b s t a n t i a l  improvement 
o v e r  e x i s t i n g  p l a q u e s .  The v i r t u e s  of u s i n g  m e t a l  
f i b e r s  f o r  t h e  p r o d u c t i o n  of b a t t e r y  p l a q u e s  a re :  

1. 

2. 

3. 

4 .  

5 .  

6. 

P o r o s i t y  Range 

A w i d e r  p o r o s i t y  r ange  c a n  be a c h i e v e d  u s i n g  
f i b e r s  t h a n  w i t h  a n y  o t h e r  p a r t i c l e  form. 

Cont ro l  of Po re  S i z e  

F i b e r  diameter and p l aque  d e n s i t y  i n t e r a c t  t o  
d e f i n e  p o r e  s i ze .  Using t h e  f i b e r s  s e l e c t e d  
f o r  t h i s  program, p o r e  s i z e s  r a n g i n g  from 10  
t o  80 microns  can  be  o b t a i n e d  a t  h i g h  p o r o s i t y  
l e v e l s .  

Con t ro l  of P o r e  S i z e  D i s t r i b u t i o n  

The normal p rocedure  f o r  manufac tu r ing  f i b e r  
metal is t o  f e l t  and  s i n t e r  t o  a h i g h  p o r o s i t y ,  
t h e n  compact t o  t h e  desired p o r o s i t y .  T h i s  
a f f o r d s  p r e c i s e  c o n t r o l  of t h e  p o r e  s i z e  r ange  
w h i c h  decreases as  t h e  p o r o s i t y  d e c r e a s e s .  

Maximum I n t e r c o n n e c t e d  P o r o s i t v  

F i b e r  metal s t r u c t u r e s  w i t h  p o r o s i t i e s  a s  low 
as 50% have more t h a n  95% i n t e r c o n n e c t e d  p o r e s .  

Large S u r f a c e  Area 

F i b e r  s i z e  and  shape  i n t e r a c t  t o  d e f i n e  s u r f a c e  
area.  The f i b e r s  employed i n  t h i s  s t u d y  have 
s p e c i f i c  s u r f a c e  areas i n  e x c e s s  o f  450 cm2/gm. 

S t r e n g t h  

F i b e r  metal b o d i e s  have t h e  h i g h e s t  s t r e n g t h  of 
any porous material a t  h igh  p o r o s i t i e s .  

-2- 



7. Formability 

The compressibility of metal fiber materials per- 
mits considerable latitude in forming operations. 

OBJECTIVES 

The objective of this program is the development 
of nickel fiber metal battery plaques having min- 
imum density and electrical resistivity and max- 
imum internal surface area, strength, and flexi- 
bility. The primary materials to be evaluated are 
two grades of nickel fiber differing in apparent 
diameter. The processing parameters necessary to 
optimize the aforementioned plaque properties are 
to be defined and sample plaques produced and 
characterized. 

PROGRAM OUTLINE 

The program outline defines four major Tasks, 
A-D, which are summarized as follows: 

Task A .  Raw Material Classification 

Each raw material used in the program is to be 
characterized as to particle shape, particle size, 
and particle size distribution. Microscopic 
measurements of fiber lengths and diameter are to 
be supplemented by photomicrographs of as-sinter- 
ed surfaces, cross sectional areas, and shado- 
graphs of typical fibers to present both a sta- 
tistical and a visual description. 

Task B. Sintering Studv 

It is desired to establish the highest sintering 
temperature that will produce an acceptable amount 
of shrinkage when the sintering time is held con- 
stant at 20 minutes. The sintered plaques result- 
ing from this phase of the program will be eval- 
uated to determine the median pore size, pore 
size distribution, density, tensile strength, in- 
ternal surface area, and electrical resistivity. 

-3- 



These data will be used to define the sintering 
temperature to be used to produce plaques with 
the desired characteristics. 

Task C. Plaque Classification 

Plaques processed under the conditions defined 
in Task B. will be produced and electrical re- 
sistivity, internal surface area, density, medi- 
an pore size, pore size distribution, tensile 
strength and flexibility will be determined. 

Task D. Plaque Samples 

A sample of each test plaque upon which the 
classification tests were performed will be 
provided to the NASA Project Manager. 

111. EXPERIMENTAL PROCEDURES AND APPARATUS 

Task A .  Raw Material Classification 

The techniques and apparatus used and the re- 
sults obtained for the raw materials classified 
were presented in the First Quarterly Progress 
Report . 

Task B .  Sintering Study 

The procedures and apparatus used to determine 
the effect of sintering temperature upon the den- 
sity, median pore size and pore size distribution 
were presented in the First Quarterly Progress 
Report. 

1. Internal Surface Area Measurements 

Apparatus 

An air permeability apparatus is employed for 
surface area determinations. This equipment is 
designed to measure accurately the pressure drop 
across a permeable sample when the sample is ex- 
posed to a calibrated flow of air. 

-4- 



Pr oc ed u r e 

The m e t h o d  used t o  de te rmine  t h e  i n t e r n a l  
s u r f a c e  area of n i c k e l  f i b e r  metal p l a q u e s  
is t h a t  d e s c r i b e d  by Orr and D a l l a v a l l e ( l )  
where in  t h e  p r e s s u r e  d r o p  of a c a l i b r a t e d  
f l o w  of a i r  th rough  a bed of  f i n e ,  f i b r o u s ,  
packed material c a n  be related t o  t h e  s p e c i f i c  
s u r f a c e  area o f  t h e  material  by means of  t h e  
Kozeny-Carman e q u a t i o n :  

where SV = S p e c i f i c  s u r f a c e  area of s o l i d s ,  
surface a r e a / u n i t  volume of  
s o l i d s  p r e s e n t  

g c  = g r a v i t a t i o n a l  c o n s t a n t  

,U = v i s c o s i t y  of f lowing  f l u i d  

V = v e l o c i t y  of  f lowing  f l u i d  

b P  = p r e s s u r e  d r o p  through packed bed  

L = l e n g t h  of packed bed 

e = p o r o s i t y ;  v o i d  vo lume/ to t a l  
packed bed volume 

K = Kozeny c o n s t a n t  = 4 . 5  f o r  s p h e r e s ,  
3.0 f o r  c y l i n d e r s  a r r a n g e d  p a r a l l e l  
t o  f l o w ,  6.0 f o r  c y l i n d e r s  a r r anged  
p e r p e n d i c u l a r  t o  f low.  

T h i s  method i s  rel iable  i f  t h e  p e r m e a b i l i t y  data 
are t a k e n  i n  t h e  s t r e a m l i n e  r e g i o n  where t h e  f l o w  
ra te  v a r i e s  l i n e a r l y  w i t h  t h e  p r e s s u r e  d r o p .  

( l )  S u p e r s c r i p t s  r e f e r  t o  s i m i l a r l y  numbered e n t r i e s  i n  
t h e  b i b l i o g r a p h y .  

-5-  



Using a i r  under  t h e  c o n d i t i o n s  of s t r e a m l i n e  
f l o w  and samples  of  c o n s t a n t  p o r o s i t y  t h e  
Kozeny-Carman e q u a t i o n  c a n  be reduced t o  

The c o n s t a n t  K2 c a n  be e v a l u a t e d  by o b t a i n i n g  

of known s u r f a c e  area. 
p e r m e a b i l i t y  c o e f f i c i e n t s  (-) A P  f o r  samples  

For t h i s  i n v e s t i g a t i o n ,  a n  a v e r a g e  v a l u e  of 
K2 w a s  c a l c u l a t e d  by o b t a i n i n g  p e r m e a b i l i t y  
c o e f f i c i e n t s  fo r  sample p l a q u e s  made from w i r e  
of 0.003, 0.004 and 0.006 i n c h  diameter. 

The samples  of A X 1  and AX2 n i c k e l  f i b e r  p l a q u e s  
s i n t e r e d  a t  v a r i o u s  t e m p e r a t u r e s  were tes ted  a t  
d e n s i t i e s  of 20% and 30% of theore t ica l  d e n s i t y .  
A t  h i g h e r  p o r o s i t i e s  t h e  f low r a t e  r e q u i r e d  t o  
produce a c c u r a t e l y  measurable  p r e s s u r e  d r o p s  
a c r o s s  t h i n  samples  is  i n  e x c e s s  of 3000 SCFH/ 
f t 2  ( s t a n d a r d  c u b i c  f e e t  p e r  hour  p e r  f t 2 ) ,  
which h a s  been  shown t o  be t h e  upper  l i m i t  f o r  
s t r e a m l i n e  f l o w .  S i n c e  t h e  method used t o  
i n c r e a s e  t h e  d e n s i t y  is a s i m p l e  mechanica l  
compact ion,  t h e  s p e c i f i c  s u r f a c e  area is n o t  
s i g n i f i c a n t l y  changed. 
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Samples of AX1 and AX2 n i c k e l  f i b e r  p l a q u e s  
were p l a c e d  i n  a sample h o l d e r  des igned  t o  
e l i m i n a t e  edge  e f fec ts .  A stream of a i r  
a t  30 p s i  w a s  passed t h r o u g h  each sample a t  
a r a t e  t h a t  would produce a p r e s s u r e  d r o p  of 
0 .1  or 1.0 i n c h e s  o f  H20. The f l o w  ra te  w a s  
c o n t r o l l e d  by one of s i x  c a l i b r a t e d  o r i f i c e s ,  
depending  upon t h e  f l o w  r a t e  r e q u i r e d ,  and measured 
by means of a mercury manometer, which d e t e r m i n e s  
t h e  p r e s s u r e  d rop  across t h e  selected o r i f i c e .  

The p r e s s u r e  d rop  a c r o s s  t h e  sample w a s  r e a d  
from a n  i n c l i n e d  water gage  manometer, 
c a l i b r a t e d  i n  hundredths  of i n c h e s .  

P e r m e a b i l i t y  c o e f f i c i e n t s  were o b t a i n e d  a t  
20% and 30% of theoret ical  d e n s i t y  f o r  AX1 and 
AX2 n i c k e l  f i be r  metal p l a q u e s  s i n t e r e d  a t  
1600"F, 1800"F,  2000°F and 2150°F for  20 
m i n u t e s .  

2 .  T e n s i l e  S t r e n g t h  Measurements 

Appara tus  

Houns f i e ld  Tensometer w i t h  62 .5  pound beam. 
Tens i lkuT  m i l l i n g  machine w i t h  ASTM s t a n d a r d  
ES-54T t e n s i l e  specimen f i x t u r e .  

-7- 



Procedure  

Procedure  is i n  acco rdance  w i t h  ASTM s t a n d a r d  
E8-54T. 

P laques  of A X 1  and AX2 n i c k e l  f i b e r  s i n t e r e d  a t  
1600"F, 1800°F,  2000°F and 2150°F f o r  20  minu tes  
were impregnated w i t h  a l o w  m e l t i n g  p o i n t  (275°F) 
s a l t  t o  p r e v e n t  damage t o  t h e  m a c r o s t r u c t u r e  
d u r i n g  machining.  The s a l t  impregnated p l a q u e s  
were sawed i n t o  2 i n c h  by 6-1/2 i n c h  s t r i p s  and 
t e n s i l e  specimens were m i l l e d  u s i n g  a Tens i lkuT  
m i l l  and f i x t u r e .  The t e n s i l e  specimens had a 
2 i n c h  gauge l e n g t h ,  were 1/2 i n c h  wide and 
approx ima te ly  0.060 i n c h e s  t h i c k .  

The s a l t  w a s  l eached  from t h e  specimens u s i n g  
w a r m  water; t h e  specimens were d r i e d  and p u l l e d  
w i t h  a Houns f i e ld  Tensometer .  The load r e q u i r e d  
t o  b r e a k  e a c h  specimen w a s  r eco rded  and t h e  
o r i g i n a l  cross s e c t i o n a l  area w a s  used  t o  cal-  
cu la te  t h e  t e n s i l e  s t r e n g t h .  D u p l i c a t e  specimens 
were t e s t e d  f o r  each material a t  e a c h  s i n t e r i n g  
t e m p e r a t u r e .  

3. E l e c t r i c a l  R e s i s t i v i t v  Measurements 

ADDaratus 

Leeds and Nor thrup  Ke lv in  Br idge  Model number 4288. 

Procedure  

Samples of p l a q u e s  of A X 1  and AX2 n i c k e l  f i b e r  
1/2 i n c h  wide by 12 i n c h e s  l o n g  by approx ima te ly  
0.060 t h i c k  were p repa red  as d e s c r i b e d  above f o r  
t h e  p r e p a r a t i o n  of t e n s i l e  spec imens .  The c u t  
e d g e s  were s u r f a c e  ground t o  e l i m i n a t e  s p u r i o u s  
edge  e f f e c t s  due t o  compact ion  or s m e a r i n g ,  and 
t o  o b t a i n  p r e c i s e  w i d t h .  

-8 - 



The nickel fiber metal strips were clamped secure- 
ly in a sample holder designed to compact the fiber 
metal between two 4'' radii at each end of the strip. 
The compacting assured contact and constant con- 
tact resistance. The length, which was measured 
between the line contacts of the radii, resistance, 
and cross sectional area of each strip was meas- 
ured and recorded. Duplicate samples, when avail- 
able, of each material at each sintering temper- 
ature were tested. Procedures and data reporting 
are in accordance with ASTM standard A344-64 

Mean 

139 

159 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

Standard 
Median Deviation Range 

88-112 163 13-1500 

88-112 178 13-1500 

Task A. Raw Material Classification 

11.2 

14.9 

Table I summarizes the data that were obtained 
and presented in the First Quarterly Progress 
Report. 

5-7.5 10.3 

10-12.5 11.5 

TABLE I 

Summary of Particles Size and Particle Size Distribution Data 

Materia7 

AX1 

AX2 

I Diameter - Microns 
(Mean1 Median I Deviation Standard Range 

1-50 

1-50 

Length - Microns 
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Task B .  Sintering Study 

I 

525 

I 394 

262 

I 

I , 

I 

1. Internal Surface Area Measurements 

The permeability coefficients of plaques made 
from 0.003, 0.004 and 0.006 inch diameter wire 
are shown in Table I1 with the average value 
of the constant K2. 

TABLE I1 

Permeability Coefficients, Surface Area and 
Orientation Factor for Plaques Made from Wire. 

I I I 

Permeability coefficient 
VL SCFH/FT2/in 
P H20/in thickness 

Known 
surface area 
cm2/gm3 

K2 

30% dense 0.003" wire 

30% dense 0.004" wire 

30% dense 0.006" wire 

Average 

2150 

2000 

8300 

, 

6. Ox108 

7. 8x108 

5. 6x108 

6 .  5x108 

The permeability coefficients (VL andPP) obtained for 
AX1 and AX2 nickel fiber plaque at two densities are 
shown in Table 111. Fig. 1 and Fig. 2 are semi-loga- 
rithmic plots of density versus flow rate at a con- 
stant pressure drop. To keep the various parameters 
in compatible units and to calculate the surface area 
at the same density that the K2 constant was derived 
at, it is necessary to determine the flow rate at a 
density of 30% of theoretical and the thickness at 
one inch. The plots of flow versus density are es- 
sentially parallel at pressure drops of 0.1 and 1.0 
inches of H20; therefore the pressure drop of 0.1 
inches of H20 was used to calculate the internal s u r -  
face area. The data presented in Table IV were 
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TABLE I11 

S i n t e r i n g  
Temp. OF 

1600 
1600 

Mater i a 1 
Density Flow R a t e  Flow Rate 

% of SCFH/f t SCFH/f t2 
Theore t i ca l  a t A P  = 0.1  a t A P  = 1.0 

inch H20 inch  H20 

18.1 420 4 180 
27.8 178 1720 

A X 1  

1800 
1800 

2000 
2000 

AX2 

~ 

19.3 4 17 
28.2 172 

19.2 500 
31.6 209 

Flow Rate a t  Pressure  Drops of 0 . 1  and 1.0 
Inch of H20 for A X 1  and AX2 Nickel  F iber  Plaques 

2150 
2 150 

19.4 570 
28.6 308 

1600 
1600 

~ ~~ ~~~ 

4280 
1880 

4780 
2240 

18.1 
28.3 

625 
224 

5250 
3220 

5800 
2380 

1800 
1800 

18.6 520 5915 
28.8 234 2500 

~ ~ 

2150 
2150 

2000 1 19.0 1 625 6100 
2000 29.8 266 I 2780 

19.3 705 6500 
28.8 334 3375 
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ca lcu la ted  u s i n g  a d e n s i t y  of 30% and a p r e s s u r e  
d rop  of 0 . 1  i n c h e s  of  H20. 

The s p e c i f i c  s u r f a c e  area i n  cma/gm is o b t a i n e d  by 
d i v i d i n g  t h e  s p e c i f i c  s u r f a c e  area i n  cm2/cm3 by 
t h e  d e n s i t y  of n i c k e l  which is 8 . 9  gm/cm3. 

TABLE I V  

P e r m e a b i l i t y  C o e f f i c i e n t s  and S p e c i f i c  S u r f a c e  Area 
of  A X 1  and AX2 Nicke l  F i b e r  Metal P l a q u e s  S i n t e r e d  

a t  Var ious  T e m p e r a t u r e s  

Material 

A X 1  

AX2 

S i n t e r i n g  
Temp. OF 

1600 
1800 
2000 
2 150 

1600 
1800 
2000 
2150 

VL 
b P  

SCFH/f t 2 /  
i n  H20/in 
Th ickness  

42 
4 6 . 5  
75  
90 

60 
69 .5  
8 2 . 5  
93 

SV2 

15 .4  x lo6  
1 3 . 9  x lo6 

8 . 6  x lo6 
7 .2  x lo6 

10 .8  x lo6  

7.8 x lo6 
6 .95  x lo6 

9 .3  x 106 

2 c m  
;v 

3920 
3730 
2930 
2690 

3280 
3050 
2800 
2640 

cm2 
sv gm 

440 
419 
329 
302 

369 
343 
315 
296 

A g raph  of i n t e r n a l  surface area v e r s u s  s i n t e r i n g  
t e m p e r a t u r e ,  F i g u r e  3 ,  shows t h a t  A X 1  h a s  a g r e a t e r  
s u r f a c e  area t h a n  AX2 n i c k e l  f i b e r  u n t i l  t h e  
s i n t e r i n g  t e m p e r a t u r e  r e a c h e s  2150OF. The da t a  
p r e s e n t e d  i n  t h e  F i r s t  Q u a r t e r l y  P r o g r e s s  Report  
show t h a t  t h e  a p p a r e n t  d i a m e t e r  of A X 1  n i c k e l  
f i b e r  is approx ima te ly  30% smaller t h a n  t h a t  of  
AX2 n i c k e l  f i b e r .  I t  is a p p a r e n t  from t h e  s u r f a c e  
a r e a  measurements t h a t  t h e  " t h i c k n e s s " ,  or t h e  
dimension of  t h e  f i b e r  t h a t  l i es  i n  t h e  v iewing  
p l a n e  when observed  th rough  a mic roscope ,  m u s t  
a l s o  be smaller f o r  A X 1  n i c k e l  f i b e r .  
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2 .  

The g r e a t e r  s u r f a c e  area of A X 1  n i c k e l  f i b e r  
r e n d e r s  t h i s  material more s u s c e p t i b l e  t o  
s i n t e r i n g  t h a n  a coarser f i b e r  because  t h e  
r a t e  of s i n t e r i n g  is s e n s i t i v e  t o  s u r f a c e  
f r e e  e n e r g y .  Consequent ly ,  a t  t h e  same 
s i n t e r i n g  t e m p e r a t u r e  t h e  A X 1  f i b e r  s i n t e r s  
more r a p i d l y  and t h e  i n t e r n a l  s u r f a c e  area 
is reduced t o  a g r e a t e r  d e g r e e .  ( 2 ) .  F i g u r e s  
4-7 and 8-11 are photomicrographs  of  A X 1  and 
AX2 s i n t e r e d  a t  t h e  i n d i c a t e d  t e m p e r a t u r e s .  
A s  t h e  s i n t e r i n g  t e m p e r a t u r e  i n c r e a s e s ,  t h e  
r e d u c t i o n  i n  s u r f a c e  ene rgy  is accelerated; 
t h e  s h a r p  edges  of  t h e  f i b e r s  become more 
rounded and t h e i r  cross  s e c t i o n  t a k e s  on  a 
more s y m e t r i c a l  s h a p e .  The i n t e r n a l  s u r f a c e  
area is  t h e r e f o r e  d e c r e a s e d .  

T e n s i l e  S t r e n g t h  Measurements 

The ave rage  t e n s i l e  s t r e n g t h  of A X 1  and AX2 
n i c k e l  f i b e r  metal p l a q u e s  s i n t e r e d  a t  t h e  
i n d i c a t e d  t e m p e r a t u r e s  i s  shown i n  T a b l e  V.  

The d e n s i t y  of t h e  samples  shown i n  Tab le  V. 
v a r i e s  as a r e s u l t  o f  t h e  v a r y i n g  s i n t e r i n g  
t e m p e r a t u r e .  I t  is  known t h a t  t h e  t e n s i l e  
s t r e n g t h  i n c r e a s e s  i n  d i r e c t  p r o p o r t i o n  t o  t h e  
d e n s i t y  i n  t h e  r a n g e  f rom 10% t o  20% d e n s i t y ;  
consequen t ly  t h e  s t r e n g t h s  have been  normal ized  
l i n e a r l y  t o  10% d e n s i t y .  The d e v i a t i o n  from 
l i n e a r i t y  of  t h e  s t r e n g t h - d e n s i t y  r e l a t i o n s h i p  
is c o n s i d e r e d  t o  be i n s i g n i f i c a n t  i n  t h e  r a n g e  
of t h e  tes ts .  

The t e n s i l e  s t r e n g t h  of b o t h  materials is  
p l o t t e d  as a f u n c t i o n  of s i n t e r i n g  t e m p e r a t u r e  
i n  F i g u r e  12 .  The t e n s i l e  s t r e n g t h  of  A X 1  
n i c k e l  f i b e r  is  g r e a t e r  t h a n  t h a t  of AX2 n i c k e l  
f iber  a t  a l l  s i n t e r i n g  t e m p e r a t u r e s  s t u d i e d  
e x c e p t  1600°F where t h e  s t r e n g t h s  are  s imilar .  
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F i g .  4 Photomicrograph of A X 1  Nicke l  f i b e r  
plaque s i n t e r e d  a t  1600°F for 20 min. x2 10 

plaque 
Photomicrograph of A X 1  N icke l  f i b e r  

x2 10 s i n t e r e d  a t  1800°F f o r  20 min. 
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Fig.  6 Photomicrograph of A X 1  Nicke l  f i b e r  
plaque s i n t e r e d  a t  2000°F f o r  20 min. x210 

Fig.  7 Photomicrograph of A X 1  N icke l  f i b e r  
plaque s i n t e r e d  a t  2150°F f o r  20 min. x210 
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Fig. 8 Photomicrograph of AX2 Nickel fiber 
plaque sintered at 1600°F for 20 min. x2 10 

Fig. 9 Photomicrograph of AX2 Nickel fiber 
plaque sintered at 1800°F for 20 min. x210 
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Fig .  10 Photomicrograph of  AX2 Nickel  f i b e r  
plaque s intered at 2000°F f o r  20 min. x2 10 

II 

I 

Fig .  11 Photomicrograph of AX2 Nickel  f i b e r  
plaque s in tered  at 2150°F f o r  20 min. x2 10 
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TABLE V. 

Mat er i a  1 

A X 1  

T e n s i l e  S t r eng th  of 10% Dense A X 1  and AX2 Nicke l  
F i b e r  Plaques S in t e red  a t  Various Temperatures 

S i n t e r i n g  Temp. U l t i m a t e  Average U l t i m a t e  
(degrees  Tens i l e  S t r eng th  T e n s i l e  S t r e n g t h  
F a h r e n h e i t )  ( l b s .  p e r  s q .  i nch )  ( l b s .  p e r  s q .  i n c h )  

1600 41.2 41.2 

1800 114.0 119.0 
1800 124 .O 119.0 

AX2 

Nicke l  

10% 

Dense 

1800 74 .O 74.4 
1800 77.0 74.4 
1800 72.2 74.4 

2000 168.0 181.0 
2000 187.0 181.0 
2000 188.0 181.0 

2150 209.0 209.0 
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The g r e a t e r  s u r f a c e  a r e a  of A X 1  t h a n  AX2 n i c k e l  
f i b e r  and t h e  l a r g e r  number of  c o n t a c t  p o i n t s  a t  
a g i v e n  d e n s i t y  reduce t h e  t i m e  r e q u i r e d  t o  form 
s i n t e r  bonds of a s i z e  comparable t o  t h e  c r o s s  
s e c t i o n  of t h e  f i be r .  (3 ) .  Consequent ly ,  when 
A X 1  and AX2 n i c k e l  f i b e r  are s i n t e r e d  a t  t h e  same 
t empera tu re  f o r  t h e  same l e n g t h  of t i m e ,  t h e  
t e n s i l e  s t r e n g t h  of AXlnicke l  f i be r  is greater. 
I t  would be expected t h a t  as t i m e  i n c r e a s e d  a t  any 
t empera tu re ,  t h e  s t r e n g t h s  of t h e  t w o  materials 
would tend t o  converge.  

3. Electrical  R e s i s t i v i t y  Measurements 

The e lectr ical  r e s i s t i v i t y  of samples  of A X 1  and 
AX2 n i c k e l  f i b e r  metal p laques  s i n t e r e d  a t  t h e  
i n d i c a t e d  t empera tu res  is shown i n  Table  V I .  The 
r e p r o d u c i b i l i t y  of t h e  a p p a r a t u s  is  i n d i c a t e d  by t h e  
v a l u e s  obtained for d u p l i c a t e  or t r i p l i c a t e  samples .  
The e f f e c t  of c o n t a c t  r e s i s t a n c e  h a s  been shown t o  
be i n s i g n i f i c a n t  when leads of t h e  p rope r  r e s i s t a n c e  
are used.  Th i s  w a s  v e r i f i e d  by measuring t h e  
r e s i s t a n c e  of copper  w i r e  of d i f f e r e n t  diameters 
and l e n g t h s .  
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TABLE VI. 

Materia 1 

Electrical Resistivity at 15% Dense AX1 and AX2 
Nickel Fiber Plaques Sintered at Various Temperatures 

Sintering Temp. Average 
(degrees Resistivity Resistivity 

Fahrenheit) (microhm-cm) (microhm-cm) 

1600 10 90 1090 

1800 
AX1 1 1800 

4 16 4 16 
4 16 4 16 

15% 

Dense 

-24- 
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2000 357 3 54 
2000 355 3 54 
2000 351 3 54 

2150 3 18 315 
2150 311 315 
2150 315 315 



A s  i n  t h e  case of t e n s i l e  s t r e n g t h  s a m p l e s ,  t h e  
d e n s i t y  of e a c h  m a t e r i a l  v a r i e s  w i t h  s i n t e r i n g  
t e m p e r a t u r e .  The v a r i a t i o n  of e lec t r ica l  r e s i s t i v i t y  
w i t h  d e n s i t y  i n  t h e  r ange  from 10% t o  20% dense  h a s  
n o t  been  a c c u r a t e l y  measured f o r  one s i n t e r i n g  
t e m p e r a t u r e .  N e v e r t h e l e s s ,  t h e  r e s u l t s  were normal ized  
t o  15% dense  material f o r  compar ison  p u r p o s e s .  T h i s  
d e n s i t y  c o r r e s p o n d s  roughly  t o  t h e  median d e n s i t y  of 
a l l  t h e  samples  tes ted.  I t  is p o s s i b l e  t h a t  appre-  
ciable error c o u l d  r e s u l t  from t h i s  n o r m a l i z a t i o n ;  
a d d i t i o n a l  v e r i f i c a t i o n  work is p lanned .  

A graph  of e lec t r ica l  r e s i s t i v i t y  of 15% dense  A X 1  
and AX2 n i c k e l  f i b e r  p l a q u e s  as a f u n c t i o n  of s i n t e r i n g  
t e m p e r a t u r e  is p resen ted  i n  F i g u r e  13. The e lec t r ica l  
r e s i s t i v i t y  of A X 1  n i c k e l  f i b e r  metal p l a q u e s  decreases 
from 1600°F t o  1800°F t h e n  i n c r e a s e s  f rom 1800°F t o  
2000°F and d e c r e a s e s  a g a i n  between 2000°F and 2150°F. 
N o  e x p l a n a t i o n  c a n  be  o f f e r e d  f o r  t h i s  anomaly a t  
p r e s e n t .  I n  g e n e r a l ,  a s  t h e  s ize  of  t h e  s i n t e r  bond 
i n c r e a s e s  t h e  r e s i s t i v i t y  would be expec ted  t o  decrease 
u n t i l  t h e  f i b e r  c r o s s  s e c t i o n  becomes t h e  l i m i t i n g  
r e s i s t i ve  e l emen t .  

I n  a n  e f f o r t  t o  r e s o l v e  t h i s  anomaly, samples  of A X 1  
p l a q u e s  t h a t  were o r i g i n a l l y  s i n t e r e d  a t  1600"F, 
1800°F and 2000°F r e s p e c t i v e l y  were r e s i n t e r e d  a t  
2000°F f o r  20 m i n u t e s .  The r e s i s t i v i t y  of t h e  
r e s i n t e r e d  1600°F sample d e c r e a s e d  33%, t h a t  of t h e  
1800°F sample dec reased  34%, and t h a t  of t h e  2000°F 
sample d e c r e a s e d  13%. These data t e n d  t o  conf i rm t h e  
o r i g i n a l  f i n d i n g s .  The i n i t i a l  expe r imen t  is c u r r e n t l y  
b e i n g  r e p e a t e d  i n  a f u r t h e r  a t t e m p t  t o  v e r i f y  t h e  r e s u l t .  

Task C. Plaque  C l a s s i f i c a t i o n  

C l a s s i f i c a t i o n  tests on f i n a l  c o n f i g u r a t i o n  
p l a q u e s  have n o t  been made t o  da t e .  

Task D. P l aque  Samples 

Samples of  p l a q u e s  c l a s s i f i e d  i n  Task C w i l l  
be  f u r n i s h e d  when a v a i l a b l e .  
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V .  FUTURE WORK 

Work d u r i n g  t h e  n e x t  r e p o r t i n g  p e r i o d  w i l l  be  
d i r e c t e d  

1. 

2 .  

toward : 

Redetermina t ion  of e l e c t r i c a l  
r e s i s t i v i t y  v e r s u s  s i n t e r i n g  
t empera tu re  f o r  A X 1  n i c k e l  f i b e r  
metal  p l aques .  

F u r t h e r  i n v e s t i g a t i o n  of  t h e  r a t e  
of d e c r e a s e  o f  s u r f a c e  area for A X 1  
n i c k e l  f i b e r  metal p l aque  s i n t e r e d  
i n  t h e  t e m p e r a t u r e  r a n g e  from 1800°F 
t o  2 0 0 0 ° F .  

3 .  P r o d u c t i o n  of  A X 1  and AX2 n i c k e l  f i b e r  
metal p l aques  processed  i n  acco rdance  
w i t h  t h e  c o n d i t i o n s  which w i l l  be f u l l y  
d e f i n e d  by s u r f a c e  area and r e s i s t i v i t y  
measurements. 
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VII. GLOSSARY 

1. Type A f i b e r  - F i b e r  produced by a p r o p r i e t a r y  
p r o c e s s  r a n g i n g  i n  mean diameter 
from 3 t o  30 microns .  

2. Type B f i b e r  - F i b e r  d e r i v e d  from metal wool. 

3. Type C f i b e r  - F i b e r  d e r i v e d  from metal w i r e .  

4 .  F i b e r  g r a d e  - Genera l ly  d e f i n e s  t h e  f i b e r  
diameter. S i n c e  i n  t y p e  A and B 
t h e  d i a m e t e r  is n o t  c o n s t a n t ,  
t h e  g r a d e  d e s i g n a t i o n  is  p r e f e r r e d  
t o  a mean diameter d e s i g n a t i o n .  

5. F i b e r  t y p e  and grade  

To avoid  cumbersome d i s c u s s i o n s  t h e  t y p e  and g r a d e  
of f i b e r  used i n  a g iven  specimen w i l l  be  r e d u c e d  
t o  s u c h  te rminology as  A X 1 ,  meaning t y p e  A f i b e r  
Grade X 1 .  
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